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Objectives. Flow variations can affect valve-area calculation in
aortic stenosis and lead to inaccuracies in the evaluation of the
stenosis. Knowing that transvalvular flow varies normally within
one beat, we designed this study to assess the response of the valve
to intrabeat variation of flow during systole. Results were com-
pared with flow-derived measurements.
Background. Technological improvements now allow us to
evaluate aortic valve area directly by short axis planimetry. This
offers the possibility to perform serial planimetries during one
ejection phase and analyze the intrabeat dynamic behavior of the
stenotic-aortic valve and compare these measurements with flow-
derived measurements.
Methods. Forty echocardiograms displaying different degrees of
aortic stenosis were analyzed by frame-by-frame planimetry of the
valve area from onset of opening to complete closure. Maximal-
mean area, opening and closing rates and ejection times were
obtained and compared with Doppler-derived data.
Results. Valve area varied during ejection. Stenotic valves
opened and closed more slowly than normals and remained
maximally open for a shorter period. Mean area by Doppler data
corresponded more closely to maximal than to mean-planimetered
area. Duration of flow was shorter than valve opening in severely
stenotic valves. Discrepancies between Doppler-derived and two-
dimensional (2D) measurements decreased in less stenotic valves.
Conclusions. Our observations reveal striking differences be-
tween the dynamics of normal and stenotic valves. Surprisingly,
Doppler-derived mean-valve area correlated better with maximal-
anatomic area than with mean-anatomic area in patients with
aortic stenosis. Discrepancies between duration of flow and valve
opening could explain this phenomenon.
(J Am Coll Cardiol 1998;32:1931–7)
©1998 by the American College of Cardiology
Echocardiography has been used for almost two decades in the
evaluation of valvular aortic stenosis and is accepted as an
accurate noninvasive method of quantification of aortic steno-
sis severity using Doppler flow measurements (1–7). Recently,
transthoracic and transesophageal two-dimensional echocar-
diographic planimetry of the valve in short axis views have also
been validated as accurate and reliable methods to measure
aortic valve area (8–15).
Although maximal anatomic aortic valve area is measured
by planimetry at one time point of the ejection, Doppler-
derived continuity equation, if flow-velocity integrals are used
for its calculation, is thought to yield mean area throughout
ejection. The good correlation found so far between these two
methods (8–15) implies little variation of valve area during
ejection because mean (Doppler-derived) and maximal
(planimetry) areas seem to be equal. However, others have
suggested that normal “intrabeat” variations in flow affect
valve area and that valve area is not constant during ejection
(16–17). If valve area varies significantly during the ejection
phase in patients with aortic stenosis, then a single two-
dimensional measurement of the maximal orifice during ejec-
tion could potentially yield inaccurate data regarding the true
severity of the stenosis. Moreover, if there is significant varia-
tion of valve area during ejection, mean and maximal measure-
ments of valve area would not be expected to be equal. To
address those issues, we designed this study to investigate the
dynamic behavior of the aortic valve with different degrees of
stenosis during the ejection phase of the cardiac cycle and see
how the mean and maximal areas obtained by planimetry
relate to flow-derived Doppler measurement of valve area.
Methods
Forty patients with different degrees of calcific degenerative
aortic stenosis underwent a prospective complete two-
dimensional and Doppler echocardiographic examination us-
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ing a state-of-the-art ultrasound system (HP Sonus 2500,
Hewlett-Packard). The echo studies of those patients (25
women, 15 men; mean age of 69) were recorded on standard
VHS videotapes at a standard video frame rate of 30 per s and
analyzed off-line using a digital analysis system. If the quality of
the two-dimensional imaging was adequate, the transthoracic
(TTE) echo study was used for valve planimetry; if not, then a
transesophageal study (TEE) was used if available (overall:
TTE 5 32 patients, TEE 5 8 patients).
For all these patients, a frame-by-frame planimetry of the
aortic valve area from the onset of opening of the valve to its
complete closure was performed on the zoomed short axis view
of the valve after careful optimization of the gray-scale and
gain settings (Fig. 1). Because systolic movement of the aortic
root can affect cutting plane position, care was taken to
position the cutting plane at the exact tips of the leaflets by
tilting and shifting the transducer. Excessive movement of the
cutting plane was suspected if the image of the valve was lost
at some point during ejection and the patient was excluded
from the study. Other criteria for rejecting images on a
suspicion of excessive movement were the detection of any
changes in leaflet body or edge morphology during ejection
and changes in other landmarks’ locations near the aortic valve
on the same view. Depending on the heart rate, this method
yielded for each patient 6 to 16 sequential planimetries each
being 1/30 of a s apart (or 33 msec). Two beats were analyzed
and averaged. All were in normal sinus rhythm. Extrasystolic
and postextrasystolic beats were rejected because of altered
hemodynamics. Study protocol was approved by the Institu-
tional Review Board, and patients gave informed consent.
Planimetry data. Maximal valve area was traced at the
widest opening during ejection. Mean valve area was calcu-
lated by dividing the sum of all the planimetered areas by the
number of tracings for that beat. Total ejection time was
calculated by multiplying the total number of frames where the
valve was seen open by 33 ms (1 frame). Time to maximal
opening was determined by multiplying the number of frames
from onset of opening until maximal opening was reached by
33 ms and is expressed as percentage of total ejection time.
Opening rate was obtained by dividing the maximal valve area
by the time needed to reach it (number of frames 3 33 ms) and
is expressed in cm2/s. Similarly, closing rate was calculated by
dividing the maximal area by the time needed from maximal
area to complete closure of the valve (number of frames 3
33 ms) and is expressed in cm2/s.
Doppler data. Mean valve area was calculated by continuity
equation using flow-velocity integrals (FVI) from the available
pulsed and continuous wave Doppler data and the left ventricular
outflow tract (LVOT) diameter (d) using the following widely
accepted equation: Aortic valve area (AVA) 5 LVOT area 3
FVI LVOT/FVI Aortic. Ejection time was obtained by measuring
the duration of flow through the valve using continuous wave
Doppler tracings through the valve.
Statistical analysis. Simple linear regression analysis was
used to evaluate the relations between the different valve
measurements and degree of stenosis. Unpaired t tests were
performed to compare groups with different degrees of aortic
stenosis. Statistical significance was assessed at p , 0.05. Intra-
and inter-observer variability were calculated on half the
Abbreviations and Acronyms
AVA 5 aortic valve area
FVI 5 flow-velocity integrals
LVOT 5 left ventricular outflow tract
TEE 5 transesophageal echocardiogram
TTE 5 transthoracic echocardiogram
2D 5 two-dimensional
Figure 1. Examples of two-dimensional
planimetry. A, Top row: transthoracic
echocardiography (TTE). Bottom row:
transesophageal echocardiography (TEE)
(NB: two different patients). The valve is
seen closed, then maximally open and fi-
nally with superimposed planimetry of the
valve area. B, Frame by frame planimetry
(dotted lines) for one ejection period in
moderate aortic stenosis (different patient
from top panel). Left, the valve is closed.
Progressive opening and closing can be
seen in the following frames, returning to
complete closure on the right.
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patients selected randomly and are expressed as the mean
difference between the measurements of the same and of two
different blinded observers respectively.
Results
Patient data. Screening of 53 patients was needed in order
to obtain 40 adequate quality studies on which a complete
Doppler evaluation and frame-by-frame planimetry could be
performed. Using the continuity equation on these 40 patients,
17 had mean aortic valve areas under 1 cm2, 11 had valve areas
of more than 1 but less than 2 cm2 and 12 had areas over 2 cm2
(normal or only sclerotic valves). Mean left ventricular ejection
fraction was 53% 6 2.2% (mean 6 SEM).
Valve dynamics. Aortic valve area as measured by sequen-
tial planimetry was not constant throughout the ejection phase
in our patients. Figure 2 shows typical opening and closing
patterns for the aortic valve of 3 patients with valve areas
under 1 cm2 (A), 3 with valve areas between 1 and 2 cm2 (B)
and 3 with valve areas over 2 cm2 (C). The variation of valve
area can easily be appreciated in those examples and seems
more pronounced in patients with more severe aortic stenosis
(A) compared to the other two groups. The valves of patients
with valve areas under 1 cm2 (A) opened and closed slowly and
stayed maximally open for a very short period. The valves of
patients with valve areas between 1 and 2 cm2 (B) showed an
intermediate variability pattern compared to the other two
groups. In patients without any significant stenosis (C), the
valve opened and closed very quickly with a “stable” plateau in
the middle thereby resulting in very little variation of valve
area through ejection in this group.
Figure 3 demonstrates the opening (3A) and closing rate
(3B) of the valve. The more stenotic the valve, the slower it
opened and closed. The time needed for the leaflets to reach
and stay at maximal opening relatively to total ejection time
varied depending on the degree of stenosis. Valves that were
more stenotic tended to take a longer portion of the total
ejection time to reach their maximal opening (y 5 48 2 8.7x,
r 5 0.65, p , 0.01 where y 5 relative time needed to reach
maximal valve area and x 5 valve area in cm2). Because of this,
less time was available for the more stenotic valves to stay
maximally open when compared to normal valves (y 5 16x 1
19, r 5 0.73, p , 0.01 where y 5 % of ejection time when valve
area is at more than 80% of its maximal value and x 5 valve
area in cm2). These indices were not affected by ejection
fraction (y 5 0.03x 1 41, r 5 0.02, p 5 0.93 where y 5 % of
ejection time when valve area is at more than 80% of its
maximal value and x 5 LV ejection fraction in %).
Figure 2. Examples of frame by frame planimetry in three patients
with valve area ,1 cm2 (A), 1 to 2 cm2 (B) and more than 2 cm2 (C).
In each diagragm aortic valve area (AVA) in square centimeters is
plotted against time which is expressed in number of video frames
(each equal to 33 ms) for one ejection period.
Figure 3. Opening (A) and closing rate (B) of the aortic valve related
to valve area obtained from Doppler data (CE) in square centimeters.
Opening and closing rates are calculated by dividing the maximal valve
area obtained by planimetry by the time needed to reach that maximal
opening or by the time needed to go back to complete closure from
that maximal opening respectively and are expressed in square centi-
meters per s.
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Comparison of maximal and mean valve areas by planim-
etry. The degree of variation of valve area during one ejection
period can be appreciated by comparing the mean and maxi-
mal areas obtained from the planimetry. Identical mean and
maximal valve areas imply a stable valve area through ejection;
on the other hand, if the valve area varies a lot then the
difference between mean and maximal areas increases propor-
tionally.
Results of mean and maximal valve areas for the different
groups are shown in Figure 4. A significant difference was
noted between the two measurements, maximal area being
consistently larger than mean valve area (y 5 0.9x–0.2, r 5
0.99, p , 0.001 where y 5 mean area by planimetry and x 5
maximal area by planimetry; mean diff. of 0.38 cm2, p , 0.001).
The relative difference between mean and maximal areas
depending on the degree of stenosis became smaller as valve
area increased (y 5 42.8–8.3x, r 5 0.7, p , 0.01 where y 5
relative difference between maximal and mean area by planim-
etry and x 5 valve area by Doppler in cm2).
Comparison with doppler data
Mean versus maximal areas. Mean effective valve area by
continuity equation derived from Doppler measurements was
compared to the mean and maximal anatomic valve areas
obtained by planimetry (Fig. 5). We found an excellent corre-
lation and little differences between mean effective area by
continuity equation and maximal anatomic area as reported by
others (Fig. 5A). An equally good correlation was found
between mean effective and mean anatomic areas (Fig. 5B),
but their values differed on average by 0.25 cm2 (p , 0.01). The
relative difference between these two methods of measuring
mean valve area increased as the valve became more stenotic
(y 5 0.5–0.15x, r 5 0.7, p , 0.001 where y 5 relative difference
between mean valve area by planimetry and mean area by
continuity equation and x 5 valve area by continuity equation).
Ejection time by Doppler and planimetry. Doppler ejec-
tion time (duration of flow on continuous wave Doppler) was
compared to ejection time by planimetry (time from onset of
opening to complete closure of the valve as seen on the 2D
short axis view of the valve) according to severity of the
stenosis. No significant difference was detected between the
two measurements in the group of patients without significant
stenosis (valve area over 2 cm2) (mean diff. of 25 ms, p 5 0.37).
In patients with valve areas between 1 and 2 cm2, a larger
difference is noted, but did not reach statistical significance
(mean diff. of 41 ms, p 5 0.36). However, in patients with valve
areas under 1 cm2, ejection time as evaluated by Doppler was
significantly shorter than the ejection time calculated from the
planimetries (mean diff. of 78 ms, p , 0.05).
Observer variability. Intraobserver variability for maximal
valve area measurement by planimetry was 0.01 cm2 6 0.06
and for mean area by planimetry was 0.04 cm2 6 0.03 (mean 6
SE). Interobserver variability was 0.05 cm2 6 0.04 for maximal
area and 0.03 cm2 6 0.06 (mean 6 SE) for mean area by
planimetry. Those results reflect the differences between the
Figure 4. Regression curve for mean versus maximal area by planim-
etry.
Figure 5. Maximal and mean area by planimetry versus mean area by
Doppler (CE: continuity equation) measurements. A, Regression line
for the AVA max pl. versus CE. B, Regression line for the AVA mean
pl. versus CE.
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two sets of measurements by the same and two different
blinded observers respectively and none of these differences
reached statistical significance when compared by a paired t
test to the initial set of measurements.
Discussion
Improvements in ultrasound technology have allowed us to
look directly at the aortic valve in its short axis view and
reliably measure its opening at different time points in the
cardiac cycle. Using this technology in patients with different
degrees of aortic stenosis, we observed that the aortic leaflets
behave a lot differently depending on the degree of the stenosis
and that this altered behavior affects the relationship between
planimetered (anatomic valve area) and flow-derived measure-
ments (effective valve area).
Valve dynamics. Our observations indicate that valve area
does not remain constant during the ejection phase of the
cardiac cycle. This variability of valve area increases with
increasing severity of the stenosis. The results of our study are
in agreement with a few previous observations: in two studies
that examined this issue in normal canine aortic valves, definite
ejectional variation of valve area was detected (18–20). In
another study on patients with congenital aortic stenosis of
mild severity, similar variation was noted (21).
Our data shows a slower opening and closing rate of
stenotic valves. The mechanism of opening and closing of the
valve might be disturbed by different factors. One reason might
be that in aortic stenosis, the valve leaflets are thickened,
calcified and lose mobility. This increases their inertia and the
force needed to make them open and close.
The mechanism of opening and closing of the normal aortic
valve have been previously studied in instrumented dogs: the
authors noted that early systolic expansion of the aortic root is
possibly the first mechanism inducing leaflet separation before
onset of transvalvular flow (18,20). Calcification of the aortic
annulus and root can sometimes occur in calcific aortic stenosis
and limit its pulsatility and systolic expansion. This would affect
one of the early opening mechanism of the aortic valve. With
worsening of the stenosis, increased leaflet inertia and loss of
normal aortic root expansion combined together would thus
result in slower opening and closing as we found in our
patients.
The time needed to reach peak valve area increases with the
severity of the stenosis, leaving less time for the valve to stay
maximally open. Compared to a normal valve, a stenotic valve
not only has a smaller anatomic area, but it also remains
maximally open for a relatively shorter period of time. This
implies that two valves with the same calculated areas, either
by continuity equation or by short axis planimetry area, may
need different times to reach this peak opening and stay
maximally open also for a different period of time.
Comparison with doppler data. Our findings have con-
firmed that mean valve area calculated from Doppler data
(continuity equation) can be used interchangeably with maxi-
mal area by planimetry as shown in previous studies (8–15).
However, it cannot be used as an estimation of mean anatomic
valve area.
The good correlation between maximal valve on planimetry
and continuity equation raises some questions. Since the
continuity equation, using flow-velocity integrals in its calcula-
tion, yields a mean effective and not an anatomic valve area
(22), we expected that mean anatomic valve area as calculated
by planimetry would be different from the effective mean valve
area by continuity equation. We would nevertheless expect a
closer correlation between both methods that calculate mean
areas, namely continuity equation and mean area by planim-
etry, than between two methods where one calculates the mean
area (continuity equation) and the other maximal area (max-
imal planimetry). Our findings suggest the opposite.
One possible explanation for this phenomenon could be
that no significant flow occurred at very small valve openings in
aortic stenosis, namely at the early opening and late closing
phases. This would limit significant flow through the valve at
openings closer to maximal opening which occur in the middle
of the ejection phase. Continuity equation, which uses
Doppler-flow measurements, would therefore include in its
calculation only flow that occurs at valve areas closer to
maximal valve area. This would explain why maximal area by
planimetry correlates more closely than mean area by planim-
etry to mean valve area by continuity equation. In an attempt
to confirm the hypothesis that valve opening does not corre-
spond to significant onset of flow in significant aortic stenosis,
we compared ejection time by Doppler and ejection time by
planimetry, expecting to find a larger difference between the
two (shorter ejection time by Doppler) as the degree of
stenosis increased. As expected, the ejection time by Doppler
was significantly shorter in the groups with valve areas under
1 cm2 compared to the time when the valve was seen open on
the echo and there was no significant difference in patients with
valve area over 1 cm2. Previous studies have reported the
possible discrepancy between onset of flow and valve opening
(18–20): the normal aortic valve is already open before any
forward flow is detected, maximal valve area is reached before
peak flow, the valve has already started closing while flow
continues and final closure of the valve occurs after all forward
flow has ceased.
Potential clinical implications. The presence or absence of
symptoms in patients with aortic stenosis is a key factor that
greatly influences the prognosis (23). However, why a patient
with moderate or severe aortic stenosis is symptomatic and
another with a similar valve area is not cannot always be
explained. Many factors other than reaching a critical valve
area or transvalvular gradient have been incriminated to
explain the development of symptoms in those patients (24–
27). From our findings, it seems possible that two valves with
identical maximal areas could have different mean areas
throughout systole. This phenomenon would imply different
total afterload burdens for two valves with identical maximal
areas, which could potentially influence the occurrence of
symptoms. To our knowledge, only one study has suggested
that not only the increase of the anatomic valve area but also
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improvement of orifice variability due to opening of fused
commissures and decreased leaflet inertia could play a role in
the symptomatic improvement and response to flow variation
in patients with aortic stenosis after valvuloplasty (28).
Valve area measurement by the flow-derived continuity
equation complemented by short axis planimetry when neces-
sary in difficult cases provide sufficient information in the vast
majority of clinical cases. However, it could be interesting to
try to obtain maximal and mean areas by planimetry in some
clinical circumstances where discrepancies between clinical
findings and calculated valve area, either by continuity equa-
tion or short-axis planimetry of maximal area, are found.
Limitations. The results of our study must be viewed under
the light of certain limitations. First, ejection time by Doppler
and by planimetry were not simultaneously recorded. We
cannot be sure that the hemodynamic status was exactly similar
at the time of both recordings; although it is most likely the
case since no procedures or medications were given during the
examination. We also tried to match the R-R intervals of the
cycles we have used for the calculation of both ejection times
in order to minimize the potential effects of beat-to-beat
variations. The noncompressible time resolution of 33 ms that
results from the video frame rate of 30 images per s also limits
the accuracy of our measurements. This could be an important
factor, especially in very fast heart rates where fewer frames
were available for analysis. However, few patients in this study
had fast heart rates and no significant difference in heart rates
was found according to the degree of stenosis. Thus, if the
measurements were indeed affected by this factor, all patients
were affected to the same extent and this could not explain the
results we obtained.
Second, our data could be affected by flow conditions
(29–33). To minimize this factor, only patients in regular
normal sinus rhythm were selected. Ejection fraction was also
close to the normal range for most of our population, thereby
limiting low flow conditions which may have produced incom-
plete opening of the valve. We found no relation between
ejection fraction and our measurements. Maximal area by
planimetry should not have been affected by flow conditions
(17).
Although great care was taken to avoid analyzing images
with excessive movement of the cutting plane during ejection,
some movement may have still been present. However, it must
be remembered that the plane of the aortic valve is very narrow
and cannot be compared, for example, to that of the mitral
valve which is much more dome-like. Excessive movement
resulted in most cases in complete loss of the image of the
valve. The reproducibility of our results argues against the
potential random effects of such movement.
Finally, our results can only be applied to a selected
subgroup of patients with calcific degenerative aortic stenosis
with high quality echocardiograms and cannot be generalized
to all patients with aortic stenosis of other etiology. A learning
curve is certainly necessary to feel comfortable with this
technique and great technical care is required in image acqui-
sition which should be done by experienced sonographers.
Conclusions. While our findings raise some questions, we
do not imply that planimetry of the maximal valve area and the
use of the continuity equation are inadequate for the clinical
evaluation of the majority of patients with aortic stenosis.
Current literature confirms that continuity equation is reliable
and that transthoracic and transesophageal planimetry can be
used to complement continuity equation in patients with
adequate images when performed adequately and with great
technical care in the hands of experienced personnel. How-
ever, our study has revealed some striking differences in the
dynamics of the stenotic aortic valve compared to normal
valves and also outlined some major differences between
measurements of Doppler-derived valve areas and values
obtained from planimetry. When comparing different methods
to measure valve area by echocardiography, we need to know
that, although maximal planimetry and continuity equation-
derived valve area can be used interchangeably, those two
methods do not give us any information about the mean
anatomic valve area for that specific patient.
Valve dynamics and the differences between mean and
maximal valve areas could potentially play a role together with
other pathophysiologic factors in explaining the occurrence of
symptoms in patients with nonsevere aortic stenosis. It would
also be of interest to assess the effects of systematic flow
variation on these parameters. These issues will be addressed
in future studies.
References
1. Stewart WJ, Jiang L, Mich R, Pandian NG, Guerrero JL, Weyman AE.
Variable effects of changes in flow rate through the aortic, pulmonary and
mitral valves on valve area and flow velocity: impact on quantitative Doppler
flow calculations. J Am Coll Cardiol 1985;6:653–62.
2. Otto CM, Pearlman AS, Gardner CL, Enomoto DM, Togo T, Tsuboi H, Ivey
TD. Experimental validation of Doppler echocardiographic measurement of
volume flow through the stenotic aortic valve. Circulation 1988;78:435–41.
3. Zoghbi WA, Farmer KL, Soto JG, Nelson JG, Quinones MA. Accurate
noninvasive quantification of stenotic aortic valve area by Doppler echocar-
diography. Circulation 1986;73:452–59.
4. Warth DC, Stewart WJ, Block PC, Weyman AE. A new method to calculate
aortic valve area without left heart catheterization. Circulation 1984;70:978–
83.
5. Skjaerpe T, Hegrenaes L, Hatle L. Noninvasive estimation of valve area in
patients with aortic stenosis by Doppler ultrasound and two-dimensional
echocardiography. Circulation 1985;72:810–18.
6. Otto CM, Pearlman AS, Comess KA, Reamer RP, Janko CL, Huntsman LL.
Determination of the stenotic aortic valve area in adults using Doppler
echocardiography. J Am Coll Cardiol 1986;7:509–17.
7. Berger M, Berdoff RL, Gallerstein PE, Goldberg E. Evaluation of aortic
stenosis by continuous wave Doppler ultrasound. J Am Coll Cardiol 1984;
3:150–156.
8. Tribouilloy C, Shen WF, Peltier M, Mirode A, Rey JL, Lesbre JP. Quanti-
tation of aortic valve area in aortic stenosis with multiplane transesophageal
echocardiography: comparison with monoplane transesophageal approach.
Am Heart J 1994;128:526–32.
9. Hoffman R, Flachskampk FA, Hanrath P. Planimetry of orifice area in aortic
stenosis using multiplane transesophageal echocardiography. J Am Coll
Cardiol 1993;22:529–34.
10. Stoddard MF, Arce J, Liddell NE, Peters G, Dillon S, Kupersmith J.
Two-dimensional transesophageal echocardiographic determination of aor-
tic valve area in adults with aortic stenosis. Am Heart J 1991;122:1415–22.
11. Okura H, Yoshida K, Hozumi T, Akasaka T, Yoshikawa J. Planimetry and
transthoracic two-dimensional echocardiography in noninvasive assessment
1936 ARSENAULT ET AL. JACC Vol. 32, No. 7
AORTIC VALVE AREA VARIABILITY IN AORTIC STENOSIS December 1998:1931–7
of aortic valve area in patients with valvular aortic stenosis. J Am Coll
Cardiol 1997;30:753–9.
12. Stoddard MF, Arce J, Liddell NE, Peters G, Dillon S, Kupersmith J.
Two-dimensional transesophageal echocardiographic determination of aor-
tic valve area in adults with aortic stenosis. Am Heart J 1991;122:1415–22.
13. Cormier B, Iung B, Porte J, Barbant S, Vahanian A. Value of multiplane
transesophageal echocardiography in determining aortic valve area in aortic
stenosis. Am J Cardiol 1996;77:882–6.
14. Kim C, Berglund H, Nishioka T, Luo H, Siegel R. Correspondence of aortic
valve area determination from transesophageal echocardiography, trans-
thoracic echocardiography and cardiac catheterization. Am Heart J 1996;
132:1163–72.
15. Hoffman R, Flachskampf F, Hanrath P. Planimetry of orifice area in aortic
stenosis using multiplane transesophageal echocardiography. J Am Coll
Cardiol 1993;22:529–34.
16. Tardif JC, Miller DS, Pandian NG, Schwartz SL, Gordon G, Tierney R,
England M, Panza W. Effects of variation in flow on aortic valve area in
aortic stenosis based on in vivo planimetry of aortic valve area by multiplane
transesophageal echocardiography. Am J Cardiol 1995;76:193–8.
17. Tardif JC, Rodrigues AG, Hardy JF, Leclerc Y, Petitclerc R, Mongrain R,
Mercier LA. Simultaneous determination of aortic valve area by the Gorlin
formula and by transesophageal echocardiography under different transval-
vular flow conditions. J Am Coll Cardiol 1997;29:1296–302.
18. Higashidate M, Tamiya K, Beppu T, Imai Y. Regulation of the aortic valve
opening: in vivo dynamic measurement of aortic valve orifice area. J Thorac
Cardiovasc Surg 1995;110:496–503.
19. Van Steenhoven AA, Verlaan WJ, Veenstra PC, Reneman RS. In vivo
cinematographic analysis of behavior of the aortic valve. Am J Physiol
1981;240:H286–92.
20. Thubrikar M, Bosher LP, Nolan SP. The mechanism of opening of the aortic
valve. J Thorac Cardiovasc Surg 1979;77:863–70.
21. Lloyd TR. Variation in Doppler-derived stenotic aortic valve area during
ejection. Am Heart J 1992;124:529–32.
22. Dumesnil JG, Yoganathan AP. Theoretical and practical differences be-
tween the Gorlin formula and the continuity equation for calculating aortic
and mitral valve areas. Am J Cardiol 1991;67:1268–72.
23. Kelly TA, Rothbart RM, Cooper FM, Kaiser DL, Smucker ML, Gibson RS.
Comparison of outcome of asymptomatic to symptomatic patients older than
20 years of age with valvular aortic stenosis. Am J Cardiol 1988;61:123–30.
24. Beckberg G, Eber L, Herman M, Gorlin R. Ischemia in aortic stenosis:
hemodynamic prediction. Am J Cardiol 1975;35:778–84.
25. Marcus ML, Doty DB, Hiratzka LF, Wright CB, Eastham CL. Decreased
coronary reserve: a mechanism for angina pectoris in patients with aortic
stenosis and normal coronary arteries. N Engl J Med 1982;307:1362–67.
26. Carabello BA, Green LH, Grossman W, Cohn LH, Koster JK, Collins JJ Jr.
Hemodynamic determinants of prognosis of aortic valve replacement in
critical aortic stenosis and advanced congestive heart failure. Circulation
1980;62:42–8.
27. Selzer A. Changing aspects of the natural history of valvular aortic stenosis.
N Engl J Med 1987;317:91–8.
28. Paulus WJ, Sys SU, Heyndrickx GR, Andries E. Orifice variability of the
stenotic aortic valve: evaluation before and after balloon aortic valvuloplasty.
J Am Coll Cardiol 1991;17:1263–9.
29. Carabello BA. Advances in the hemodynamic assessment of stenotic cardiac
valves. J Am Coll Cardiol 1987;10:912–19.
30. Bache RJ, Wang Y, Jorgensen CR. Hemodynamic effects of exercise in
isolated valvular aortic stenosis. Circulation 1971;44:1003–13.
31. Segal J, Lerner DJ, Miller DC, Mitchell RS, Alderman EA, Popp RL. When
should Doppler-determined valve area be better than the Gorlin formula?:
variation in hydraulic constants in low flow states. J Am Coll Cardiol
1987;9:1294–305.
32. Burwash IG, Forbes AD, Sadahiro M, Verrier ED, Pearlman AS, Thomas R,
Kraft C, Otto CM. Echocardiographic volume flow and stenosis severity
measures with changing flow rate in aortic stenosis. Am J Physiol 1993;265:
H1734–43.
33. Burwash IG, Pearlman AS, Kraft CD, Miyake-Hull C, Healy NL, Otto CM.
Flow dependence of measures of aortic stenosis severity during exercise.
J Am Coll Cardiol 1994;24:1342–50.
1937JACC Vol. 32, No. 7 ARSENAULT ET AL.
December 1998:1931–7 AORTIC VALVE AREA VARIABILITY IN AORTIC STENOSIS
